A real time control strategy based on sensitivity analysis is proposed for voltage regulation in active distribution network with perfect measurement and communication infrastructure. Based on distribution network direct power flow algorithm, a simplified calculation method of voltage sensitivity is presented for the real time control. This algorithm is simple and suitable for online control due to less calculation. The optimization model for voltage online control is made and resolved using standard linear programming algorithm. Then the optimization resolutions and the voltage measured by RTU were together applied for controlling the reactive resources to regulate the voltage. Numerical simulation results on the typical two-feeder distribution test system have showed that the proposed voltage regulation method is able to coordinate the controllable reactive power equipment to dynamically keep the voltage in its acceptable range.
Introduction
Driven by environmental, economic and technical incentives, an increasing number of distributed generation (DG) units have been integrated into distribution network. Proliferation of DGs has also brought about the concept of active distribution network (ADN), where variables are measured and controlled by means of various devices based on a centralized and intelligent system. However, the rapid penetration of DGs, especially renewable energy sources (RES) such as photovoltaic (PV) and wind generators, has brought new operation problems in ADN. Temporary over/under voltages and congested lines are part of the negative effects caused by intermittent production of RES [1] . This has given a great challenge for voltage regulation in ADN. As consequence, voltage control technology in ADN has been a heated topic in recent years.
Compared with the traditional distribution network (TDN), SCADA system and communication system are more advanced and the distribution of remote terminal units (RTU) is more extensive in ADN, which solves the problem of poor observability in TDN and also provides a new idea for voltage control in ADN. At present, some researchers improved inverter control strategies to reduce the impact of intermittent DG on distribution network [2] [3] , and others applied centralized off-line strategy for voltage control in active distribution network. In [4] [5] , an optimization algorithm for a day ahead scheduling is used to control voltage. In [6] , artificial intelligence techniques have been developed to reduce the calculation time of solving optimal model. Although these control strategies achieve good performances, they require forecasted daily load and power output of RES, and their computing time is much, which does not let them to be used in real time schedule. An on-line optimal control approach based on the voltage sensitivity is presented in [7] . But the sensitivity calculation method is complicated and takes much time, so it needs to be further improved to meet the requirements of online control.
In this paper, a new approach is proposed for control and coordination programmable reactive power sources in ADN. The proposed method is performed based on the RTU data which are collected from the selected points of distribution feeders. These RTUs are installed on the nodes of programmable reactive power sources (RPS). Besides, a simplified voltage sensitively method based on the direct power flow algorithm is put forth, which is suitable for on-line calculation.
Simplified Voltage Sensitivity Algorithm
It is a usual method for voltage control to use Jacobi matrix in Newton power flow algorithm to calculate voltage sensibility to injected reactive power [8] . However, it is of large calculation and so not suitable for online voltage control. In this paper, a simplified sensibility approach is proposed, which is based on the direct power flow (DLF). Here a simple 5-bus radial distribution system as an example is used to demonstrate the method principle. 
Where
is the column vector of branch current, and
is the one of bus current injection at the system buses.
In general, the phase difference between the node voltage is small in distribution network, so the horizontal component of branch voltage drop can be omitted. The voltage drop between the node-i and the node-j is calculated approximately according to the formula (2):
Where R ij 、X ij 、P ij 、Q ij are resistance, reactance, active power and reactive power of the branch-ij.
The formula (2) 
Where V′ is a column vector with the element of 1/V i 。 Compared with the node power injection, branch power loss is much smaller so that it can be omitted. Therefore the follow formula is derived from the formula (3) The formula (4) is extended to the distribution network with N nodes, another formula is as follow:
(5) Where diagonal element R ii (or X ii ) of resistance (or reactance) matrix is called the self resistance (or reactance), which is defined as the sum of lines' resistance (or reactance) lacated between substation and injected power bus; other elements R ij (or X ij ) (i ≠ j) are called the mutual resistance (or reactance) and are defined as the sum of lines' resistance (or reactance) which is common between substation bus and bus-i and bus-j. R V and X V are n-order square matrixed with the elements of R ij /V j and X ij /V j respectively.
V 0 is supposed to keep constant, node-i voltage sensibility to node-j injected power is derived as follow from the formula (5): 
The formula (6) shows that the voltage sensitivity coefficients are obtained from DLF matrix in the load flow study. The real part of DLF matrix in each array composes the matrix R and its imaginary part gives the matrix X. The sensibility is mainly dependent on topology of distribution network. According to the formula (6), volgage variation caused by reactive change can be calculated as follow:
Where △ V is a n-dimensional column vector with the element of node voltage variation, and△ Q is a m-dimensional column vector with the element of node injected reactive variation.
Online Voltage Control Strategy
(1) Online Voltage Control System Structure There are more advanced SCADA system and communication network in ADN compared with TDN. And the measured data are more accurate and remote control is more reliable. It is make it more easy to control reactive power and voltage based on SCADA system. So the proposed system structure in this paper is shown in Fig.2 In this system, one RTU was installed on each controllalbe reactive power source's bus. Each RTU should measure local bus voltage and then dilver it to the master SCADA. These received data from RTUs are fed to Distribution Management System (DMS). The online optimization program can be started to run as soon as voltages out of limits are monitored. After that, the master SCADA sends a commond to adjust RPS through a communication link. Finally, the RPS controller receives an input from the designated RTU and adjust its reactive power output accordingly. . Since the injected reactive power may be positive or negative, the injected reactive power increment on node-j is decomposed into the form of (8) so as to conform to the form of the standard linear programming
Where Q j (k+1)、 Q jp (k+1)、 Q jn (k+1) are the injected reactive power increment on node-j at k+1 moment and its positive part and negtive one respectively. Q jp (k+1) and Q jn (k+1) are both positive.
The voltage on the monitored node at k+1moment is :
Objective:
Constraints:
The linear programming method suitable for online optimisation is used to resolve the optimal model composed of (8) The main bus voltage is fixed at 1 pu by transformer tap changer. The measured data by RTU are from the direct power flow algorithm. The active power and capacitive reactive power injected by DG are both negative and inductive reactive power is positive. The output power of wind turbines is shown in Fig.4 . The load consumption at each low voltage feeders as well as their parameters are referenced the paper [6] . Fig.7 . As seen from Fig.5-7 , the steps of the capacitor banks and the reactive power output of the wind turbine reduce at off-peak hours, and on the other hand, they increase at the peak hours.
Voltage of bus 11 in both feeders during 24 hours is shown in Fig.8 . It can be seen that the voltage has been kept within the range of 0.96 to 1.03 all the time. Fig.9 shows the voltage of each bus node when the load is light and the wind power is large. Fig. 10 shows the voltage under heavy load. From these two figures, it can be seen that the voltage of each node has been always kept in the allowable voltage range, whether under light load or heavy load. 
Conclusion
This paper proposed a simplified sensitivity algorithm based on direct power flow algorithm according to the characteristics of ADN, and a voltage optimal control model is established to execute on-line optimal control. The technique is based on locating RTU at each controllable RPS' buses. Unlike previous voltage control methods, the proposed approach needn't the load and renewable generations forecast data, and are carried out online. In addition, the simulation results show that the proposed method can keep the voltage in its predefined range whenever under light load or heavy load. So the proposed control strategy is efficient and could be integrated into present control system.
